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Computation of the TEVATRON Luminosity Using Measured 
Machine Parameters’ 

At a collider thr luminosity L is needed to extract the cross section from 
the measured reaction rate. The luminosity can be determined in an exper- 
iment by measuring the rate of a reaction with a known uoss section. This 
note describes an alternative calculation of the luminosity based on mea- 
surements made on the stored beam in the TEVATRON. The measurements 
nrcessary for th? calculation: and which must be made on each of the p and 
p bunches. are the intensity and the transverse and longitudinal extent of 
each of thr bunchs. 

Dara on the properties of each of the 12 (6 p and 6 p) bunches in the 
TEVATRON were collected during t,he last collider run and stored (along 
with the associated time and date) in a relat,ional data base (the SHOTDB 
data base). The information stored in the data base was the only source of 
the machine data used in the following calculations. 

Unfortunately all the stored data are not the act,ual measured quantities. 
The stored data are the transverse and longitudinal emittances calculated by 
the console program TlO6 from the measurements rather than the measured 
bunch lengths and the transrerse widths of the bunches. 

The transverse emitrances wev calculated using the bunch width. 0: as 
measured b>- the flying wires. an d the computed value of the lattice functions 
fi and thy dispersion 17 at the location of the flying wires. The particular 
lattice. riz. mini-U1 fixed target el’c. is determined from a knowledge of the 
currenl in B0Ql and the beam energ?. 

In order to calculate the longitudinal emittance the measurement~s of the 
bunch length measured with the SBD; the r.f. T-oltages (called T:RFSUM 
and T:RFSUMA): the beam energy and the calculated value of the transition 
?(~t) werr used 

To calculate the luminosity we have to extract, for each bunch, the fol- 
lowing information from the data base: 
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. The calcula,ted normalized (95%) transverse beam emittances Q. c, 

. The longitudinal emittance c, 

L The measured beam inknsity. 

l The beam energy. 

l The r.f. voltages T:RFSUM and T:RFSUMA 

As noted above the emittances are the product of calculations performed 
b?- T106 and are dependant on the lattice parameters. The values of the 
lattice parameters used in TlO6 changed during the run. (2%~ latficc param- 
cfcrs did not changtl IfThai ch,anged was &ml WC thought their miucs wert.) 
In order to calculate the luminosity we must recover, from the stored values 
of the emittancrs. the measured beam properties. To do this requires that 
~r‘e know thr lattice functions and the other parameters, (viz the energy and 
the r.f. voltages’). which were used in the origina! calculation. Fortunately 
the lattice parameters have been preserved in the coding for the T306 console 
program. Thr other needed pararnetcrs can be retrieved from the SHOTDB 
data base. It was tllrrefore possible to reconstruct the values of the 0 for the 
flying wires measurements and the SBD measurements of bunch length. 

Haling reconstructed the original measurements of the beam o it is 
straight forxard to recalculate the emit,tances using our best estimate for 
the values for thr lattice parameters. ’ 

The following discussion is limited to measurements mad? with the TEVA- 
TRON energ!- at I .C TeV and with the mini-~5 lattice. The data are from store 
1728 (11 ‘6,‘Bh) to the end of the collider run. store 2283 on S/31/89. 

It must be recognized that there is very little redundancy in the mea- 
surements used in these calculations. K‘or is there a good nay of monitoring 
closely the performance of the devices used in th? measurements or their cali- 
brations. Thus care must be used when approaching the data and further a-e 
must look at the results of the calculations to identif? bad or suspect data. 

Thr one place x-here we do have redundancy is in thr measurement of 

the longitudinal emittance Q. It can be calculated from the measurement of 

>Thr lattice functions and 71 hare been calculated using TEVLAT and the MTF mea- 
suemen,s of tht higli order multipoles for the dipoles and quadrupules and the measured 
strengths of the quadrupoles. 
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the bunch length made by ihp SBD (t,(SBD) and from the measurement of 
dp;p calculated from t,he flying wire data (rr(1!7RE)). In figure la and figure 
Ib are plotted c~(\\-IRE) vs q(SBD) for protons and anti-prot,ons. There are 
obriousl>- anomalous data which are almost certainly due to bad data from 
thz flying wires. ’ 

There are no arty other redundancies in t,he data but we can still look for 
consistencies in an attempt to identify other anomalous measurements. 

It is generally accepred that bexause of the coupling between the horizon- 
tal and vertical planes. the TEVATRON beam is round i.e. c~=c~. In figures 
lc and Id are plotted I, vs ch for protons and anti-protons. 

The results from the calculation of the luminosity include only those mea- 
surements t,hat survived after a cut was imposed on the ratio q(\VIRE)je,( 
SBD). This nas done to insure that the \I’IRE data are consistent with the 
SBD measurements. A cut was also imposed on the ratio of e,,/th in an at- 
tempt to remove other bad measurements.The values of all cuts is shoxn in 
Table 1. 

Th? effect of these cuts can be seen by comparing the plots in figure 1 
and figure 2. 

Even after the cut,s are applied to the data there are still problems. Thr 
longitudinal emjtt,ance as computed from the SBD data is! on the average, 
mow than 20% larger than that computed from the v-ire measurements for 
the protor bunches and 10% larger for the anti-protons. LVhile an error in 
the lattice functions at Ali and C:P could account for the difference between 
the SBD measurements and those based on the flying wires. the difference 
between protons and anti-protons suggests that part of the discrepancy could 
br due to an IO an int,ensit>- dependent error (the protons and anti-protons 
hare significantly different intensities) of the SBD determination of the bunch 
length c7,. 

Similarly 6,. is 2 10% larger than fh. Here thereis no significant difference 
between the protons and the anti-protons. If there is no systematic error in 
the d (which could arise due to problems with the detextors recording the 
particles scattered from the wires) from the flying wires then the difference 
could be due t,o an error in either o: both of the 0 functions at C48. 

Our inability to understand these inconsistancies in the data limit our 

3Thr anomalous Iatio ir particularly apparent near stow 2000 where thP reconstructed 
c show unusual values for the (r of the HA17 wire. 
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ability to confidentI:- measure the luminosity. 
12‘e will present the calculations for the TEVATRON operating at an en- 

ergy of 1.8TeV with the mini-,3 lattice and where there were 6 p and 6 F 
bunches in the TEVATRON. In order to calculate the luminosit:- .L w re- 
quire: in a,ddition to the emitta~nces, 

. 

. The bunch intensities measured with the SBD 

l The values of the lattice functions ,B and a at the interaction point 

s The values of the dispersion functions 7 and 7’ at the interaction point. 

The calculation of L makes use of the the transversr emittances calculakd 
from the flying Tires, the dp/p derived from the SBD data and incorporates 
an integration over the longitudinal extent of the beam. 

The calculated values for the luminosity can be compared with the value 
for the luminosit>- measured at CDF. viz, C:BOLUMP. The comparison is 
shown in figure 3. It must be noted that no correction has been made to an> 
of the measured quantities for possible miscalibrations. These data can br 
fit with a quadratic form viz. 

L,,, = 00 + (1, x cc,,,, + 02 x CL,,, (1) 

Table II contains the fitted values of the coefficients for the entire data sample 
and for two subsets of the dat,a in order to see if there where any major 
changes over the 7 month period from NW. 1988 to May 1989. The fit is 
good. thp rms deviation of the fitted value from the calculated luminosit> 
being 2 x0.03 x IP i cmZ, sec. There is no strong dependence of the 
co&icients on the store number. The intercept of the fitted curve is z 0 in 
all cases. The coefficient of the linear term is significantly different from 1 
and thprc is also a significant negative quadratic coefficient in the fit. This 
means that the AUP of L calculated from the measurements made on the 
TEVATRON are lower that those measured at CDF for values of the measured 
luminosity greater than z 1.25 x 1O3” cm’~ sec. 

Since au in the fits is z 0 we can also plot (figure 4) the ratio Lmeoa/Lcn~ 
with L,... in order to see more cleari!- the quadratic term in the fit. The 
obrious slope seen in figure 4 is just a reflection of the quadratic term seen 
in the fit to the data in figure 3. 
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Any scient,ific calculation of the luminosity must include an estimate of 
the error. Ta,ble I\’ contaix a list of t,he quant,it,ies (Qj that go into the 
calculation of the luminosity. an estimate of their systematic and random 
uncertainties and their contribution to the uncertainty in the luminosity. The 
resulting uncert,ainty from the measurement uncertainties is z 1.3% while 
the uncertainty due to systematic uncertainties is z 11.4%. The uncertainty 
due to the ascribed errors in measurement is quite comparable to t.he 5 2% 
spread seem in t,he comparison of the calculat,ed luminosity and the measured 
luminosity (the error in the measured luminosity is 5 0.5%). 

The fa,ctor that rontributes most to the uncertainty in L is the calibra- 
tion of the SBD measurements of the bunch intensities. Also contributing 
significantly to the error in the calculated luminosity are t,he uncertainty in 
the measured wire 0 ( particularly the vertical wire 0 at C4E because of the 
relatiwl>- small value of $j and the uncertainties in the lattice functions at 
the 1%.ires and at BU. \Ve also find that there is a significant contribution to 
the error on L from the measurements of the SBD of the bunch length and 
the calculat,ed value of dp,!p using the measured bunch length and the r.f. 
ro!rage (,due to the sFst,ematic uncertainty in the voltage). 

It is clear that if we wish to improve the uncertainty with which w-e 
measure the luminosity it will be important to improve the calibration of 
the SBD in measuring t,hr length and intensities of the bunches. A bett,er 
determination of the lat,tice functions would also improve the accuracy of the 
calculation. This can be done bl- with more: and better, measurements of 4: 
not only at the wire locations and the interaction points, but at enough other 
points t,o constrain the model used to calculate the lattice functions. The 
error c,ould also be reduced if ,9 at the vertical wire were larger. This might 
require haying the vertical wire at a different location from the locations of 
the horizontal wires. 

It is also important t,o check the calibration of the various devices over 
the range of normal working conditions, including energy. 



Table I 
Cut Intervals 

P ! F ~ 
Quantity min. ~ max. ! min. ~ max. 

c h i f I, 0.808 0.979 0.756 0.960 --, 
LIITVIRE~~~,(SBD) 0.617 0.912 ~ 0.592 1.129 ,’ 

Table II 
Fit of C:BOLUMP vs the Calculated Luminosity 

cm = a<1 + a1 x cm,,, - a.2 x romeo, 
1’ Range of Stores ~ a0 al a2 ~ 

1728.2279 i fO.013 1.087 -0.Oii 

Ii 1728.2005 
pi 2011.2279 

~ +0.022 1.091 -0.081 
-0.013 1.120 -0.090 

Table III 
Fit of C:BOLUMP vs C:BOLUMP,~Calculated Luminosity 

L m.w!Lc,! = bo - b, x Lme,. 
~ Rang? of Stores bo b, ~ 

~: 1728.2279 
1, 

0.88i ~ 0.089 ! 
1728.2005 ~ 0.864 ~ 0.104 j 

/ll-2279 i 0.921 ~ 0.064 ‘i 
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Table IV 
Contributions of Measured and Calculated Quantities to the Error in the 

Luminosity 

\‘alues used: 
Energy 900 Ge\ 
Bunch Intensities 

N, = 52 x lo9 
3) = 20 x 109 

Normalized emittances 
th(pj = I =20 mm-mr 
&I) = L&T) =25 mm-mr 
e,,(p) = c,,(p) =3.5 evsec 

Luminosity (1 bunch on 1 bunch) 
1.22 x 1029 

I’ariable & \-due EQ Systematic EL,L fQ Random 6L,L ~ 
Bunch Length ~ - 54.6 cm 1 5% -2.97, lcm 

1.f. \-oltage i 1.2hl\-iturn j 5% 
~ 

~ -0.6% ~ 
-0.q 

HC48 \Yire Sigma ~ 0.759 mm j 20/J -1.0% ~ 
l-C-18 [Vire Sigma ~ 0.551 mm m 
HAli \Yirp Sigma ~ 1.32 mm I 

~ -1.8% ~ 

2b 
5% ~ -1.8% ~ 

-0.1% ~ 

MC48) ~ 164111 / 
&(Ali) ~ 
j3,(C48) ~ 

196m / 5% ~ -0.0% 
69.9 m 5% .2.j%,, ~ 

$(BO) 0.55 m 5% ~ -1.1% ~ 

3,.(BO) 0.53 m j 5% -1.5% 

m(BO) -0.123 5% ~ iO,O% 

a,(BO) -0.049 ~ 5% 
q(C48) ~ 0.595 m ~ 57l 

~ -o.osc ~ 
~ -0.1% 

q(A17) ~ 6.95 m ~ 5% -0.0% 

VW) i 0.19i m ~ 5% ~ -1.3%, ~ 

v’P0) I -0.145 10% -0.0% ~ 
Bunch lntensitr ~ ‘---- 5% ‘10.2% 1 x 109 -Cl.S’i; ~ 
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